TDP-43 is a nuclear RNA-binding protein whose cytoplasmic accumulation is the pathological hallmark of amyotrophic lateral sclerosis (ALS). For a better understanding of this devastating disorder at the molecular level, it is important to identify cellular pathways involved in the clearance of detrimental TDP-43. Using a yeast model system, we systematically analyzed to which extent TDP-43-triggered cytotoxicity is modulated by conserved lysosomal clearance pathways. We observed that the lysosomal fusion machinery and the endolysosomal pathway, which are crucial for proper lysosomal function, were pivotal for survival of cells exposed to TDP-43. Interestingly, TDP-43 itself interfered with these critical TDP-43 clearance pathways. In contrast, autophagy played a complex role in this process. It contributed to the degradation of TDP-43 in the absence of endolysosomal pathway activity, but its induction also enhanced cell death. Thus, TDP-43 interfered with lysosomal function and its own degradation via lysosomal pathways, and triggered lethal autophagy. We propose that these effects critically contribute to cellular dysfunction in TDP-43 proteinopathies.
Introduction development of novel strategies for maintaining survival of motor neurons.
Cytoplasmic TDP-43 aggregates have been proposed to be efficiently cleared by autophagy (4) (5) (6) , an evolutionarily conserved process during which a double-membrane engulfs the substrate (i.e. the TDP-43 aggregate), leading to the formation of autophagosomes (7) . Subsequently, these double membrane vesicles fuse with the lysosome (or the vacuole in yeast), where proteolysis occurs. The endolysosomal pathway (or the endosomalvacuolar pathway) is an alternative clearance pathway leading to proteolysis in lysosomes (or vacuoles). It involves endocytosis and the multivesicular body (MVB) pathway. Like autophagosomes, MVBs fuse with lysosomes (or vacuoles) using the lysosomal (or vacuolar) fusion machinery (8) . The endolysosomal pathway has been suggested to contribute to the autophagic clearance of TDP-43 (9) . It has been proposed that autophagosomes can first fuse with MVBs forming amphisomes, which subsequently fuse with lysosomes. However, whether the endolysosomal pathway contributes to TDP-43 degradation independently of autophagy remains elusive. Importantly, it is unclear to which extent the distinct lysosomal proteolytic processes maintain cell survival.
The yeast Saccharomyces cerevisiae is an established model organism for the analysis of evolutionarily conserved cellular pathways relevant for protein degradation, including human neurotoxic proteins (10) (11) (12) , and the execution of cell death (13) . As in mammalian TDP-43 proteinopathy models, expression of TDP-43 in yeast results in cytoplasmic TDP-43 aggregates, leading to mitochondrion-dependent cell death (14) (15) (16) . Genomewide screening of TDP-43 cytotoxicity in yeast leads to the discovery of novel executors of TDP-43-triggered cytotoxicity (17, 18) . These findings were validated in mammalian cell culture, fly models and patients, underlining the power of the yeast TDP-43 model (17, 18) .
Here, we further decipher the role of the lysosomal (or vacuolar) proteolytic machinery in modulating TDP-43-triggered cytotoxicity. Using the yeast TDP-43 model, we performed a systematic genetic screen to analyze the effects of components of vacuolar proteolysis, including the endosomal-vacuolar pathway and autophagy, on TDP-43-triggered growth deficits. We demonstrate that vacuolar function, the vacuolar fusion machinery, and the endosomal-vacuolar pathway are critical for TDP-43 clearance and for maintaining cell survival. Although autophagy contributes to TDP-43 clearance, it also increases cytotoxicity, suggesting a complex role of this pathway in TDP-43-triggered cell death.
Results
The endosomal-vacuolar pathway and the vacuolar fusion machinery alleviate TDP-43-triggered cytotoxicity Distinct lysosomal pathways potentially influence survival of cells accumulating TDP-43. The endolysosomal (or endosomalvacuolar) pathway is comprised of endocytosis and the MVB pathway, whereas autophagy includes non-selective, and selective forms (e.g. mitophagy and pexophagy). All these pathways make use of the lysosomal/vacuolar fusion machinery to fuse the MVBs or autophagosomes with the lysosome/vacuole, in which degradation occurs via lysosomal/vacuolar proteases (8) .
In order to systematically discriminate the role of the vacuolar fusion machinery and distinct vacuolar pathways in preventing TDP-43-triggered cytotoxicity, we analyzed TDP-43-triggered growth deficits in 109 yeast strains deleted for components, modulators or regulators of these pathways and related processes (Fig. 1A , Supplementary Material, Table S1 ). We observed that TDP-43-triggered growth deficits were decreased in 33 deletion strains and increased in 48 strains (Fig. 1A , Supplementary Material, Table S1 ). In this study, we focused on the yeast deletion strains showing increased growth deficits in the presence of TDP-43, because these strains are likely impaired in pathways that are protective against detrimental TDP-43. We observed that TDP-43-triggered growth deficits were increased in 8 out of 10 yeast strains deleted for genes involved in vacuolar fusion (Fig. 1,  Supplementary Material, Fig. S1A and B), as well as in 8 out of 11 yeast strains deleted for MVB pathway genes (Fig. 1,  Supplementary Material, Fig. S2 ), but only in 4 out of 16 yeast strains deleted for genes of the core autophagy machinery (Fig. 1,  Supplementary Material, Fig. S3 ). These data suggest that the activity of the vacuolar fusion machinery and of the MVB pathway confer protection against TDP-43-triggered cytotoxicity.
In line with this idea, deletion of the gene encoding the vacuolar t-SNARE Vam3, a mediator of fusion of vesicles (i.e. vacuoles, MVBs or autophagosomes) with the yeast vacuole, increased TDP-43-triggered growth deficits ( Our data support the idea that the activity of the vacuolar fusion machinery and one of its upstream pathways, that is the endosomal-vacuolar pathway (MVB pathway), is important for alleviating TDP-43-triggered cytotoxicity.
TDP-43 triggers vacuolar fragmentation and impairs vacuolar function and cell survival
As inhibition of vacuolar fusion increased TDP-43-triggered cytotoxicity, we analyzed the effects of TDP-43 on vacuolar morphology. Vacuoles were stained with the vacuole-specific dye 7-amino-4-chloromethyl-coumarin (CMAC) and analyzed by fluorescence microscopy. In TDP-43-expressing cells, we observed a significantly decreased number of cells with a single large vacuole. An increased number of cells showed more than three smaller vacuoles when compared with cells carrying vector controls ( Fig. 2A and B) . Measurement of vacuolar size confirmed that the mean size of vacuoles was significantly decreased in TDP-43-expressing cells, whereas the size of cells and the total size of vacuoles within a cell remained unaltered upon TDP-43 expression (Fig. 2C) . Vacuolar fragmentation was further increased in cells expressing the ALS-associated TDP-43 variants TDP-43-Q331K and TDP-43-M337V (Supplementary Material, Fig. S4 ). Thus, TDP-43 expression facilitates the fragmentation of vacuoles, which could be a consequence of impaired vacuolar fusion.
Vacuolar fragmentation may interfere with vacuolar function, thereby affecting cell survival. Therefore, we measured the enzymatic activity of the vacuolar master protease Pep4 (the yeast homolog of human Cathepsin D) upon TDP-43 expression. In addition, we determined cell death rates by measuring the incorporation of the vital dye propidium iodide (PI) into cells with disintegrated membranes. We observed that Pep4 activity was significantly reduced in cells expressing TDP-43 (Fig. 2D) . These effects could be reversed and over-compensated upon overexpression of Pep4. Intriguingly, the incidences of TDP-43-triggered cell death were significantly reduced in response to high levels of Pep4 (Fig. 2E) . Thus, TDP-43 expression results in vacuolar fragmentation and loss of vacuolar hydrolytic capacity, which critically contributes to TDP-43-triggered cytotoxicity.
TDP-43 impairs endosomal-vacuolar activity
As genetic interference with the endosomal-vacuolar pathway increased TDP-43-triggered cytotoxicity, we were interested in whether TDP-43 expression affects this pathway. Therefore, we assessed the activity of the endosomal-vacuolar pathway (MVB pathway and endocytosis) in the presence of TDP-43. The activity of the MVB pathway can be analyzed by following the degradation of the MVB substrate Sna3-GFP in the vacuole, resulting in GFP-stained vacuoles and in the release of GFP from the fusion protein by vacuolar proteases (20) . We observed that the degradation of Sna3-GFP was impaired upon TDP-43 expression, as evidenced by (i) a significantly decreased number of cells with GFP-stained vacuoles ( Fig. 3A and B) , (ii) the appearance of distinct peri-vacuolar Sna3-GFP foci in a subpopulation of cells ( Fig. 3A and B) , (iii) the cellular accumulation of the Sna3-GFP fusion protein ( Fig. 3C and D) and (iv) decreased proteolytic release of GFP from Sna3-GFP ( Fig. 3C and E) .
Endocytosis, a pathway which ends up in the MVB pathway, can be monitored by following the degradation of the plasma membrane protein Ste3-GFP in the vacuole, or by following the incorporation of the hydrophilic dye Lucifer Yellow into the vacuole (resulting in yellow fluorescence-stained vacuoles) (20, 21) . Similar to Sna3-GFP, we observed that degradation of Ste3-GFP was impaired upon TDP-43 expression, as evidenced by a significantly decreased number of cells with GFP-stained vacuoles, and by the appearance of distinct peri-vacuolar Ste3-GFP foci in a subpopulation of cells ( Fig. 3F and G) . In accordance with these results, TDP-43 expression impaired the endocytic incorporation of the hydrophilic dye Lucifer Yellow into the vacuole, as shown by an increased number of cells with intracellular yellow fluorescence-stained foci, and by an increased number of unstained cells (Supplementary Material, Fig. S5A and B) . Thus, TDP-43 expression impairs the endosomal-vacuolar pathway, affecting the degradation of endocytic and MVB substrates.
TDP-43 triggers lethal autophagy
A functional endosomal-vacuolar pathway as well as proper vacuolar fusion and function alleviated TDP-43-triggered cytotoxicity, and TDP-43 expression leads to an impairment of these processes, thus potentially inhibiting its own degradation. Thus, we tested whether TDP-43 expression also affects autophagy. We first assessed autophagy upon TDP-43 expression by analyzing the Atg3-dependent lipidation of Atg8, an early step during autophagy induction. The lipidation of Atg8 occurred in early stationary phase cells expressing TDP-43 or carrying the vector control (Fig. 4A) , indicating that induction of autophagy was not impaired by the presence of TDP-43. Next, we measured autophagic flux by following the vacuolar processing of GFPAtg8. Proper autophagic flux leads to the release of GFP from GFP-Atg8 by vacuolar proteases, and the stability of GFP in the yeast vacuole results in GFP-stained vacuoles. In addition, the ratio of the steady-state levels of free GFP to GFP-Atg8 correlates with the activity of autophagy (7) . Autophagic flux as indicated by GFP-Atg8 processing increased upon TDP-43 expression in both early stationary phase cultures (non-starved) ( Fig. 4B and C), as well as upon nitrogen starvation, a regime known to induce autophagy ( Fig. 4D and E) . Consistently, in cells lacking the Atg1 kinase (Datg1), which is indispensable for the formation of autophagosomes and therefore for autophagic flux, no GFP-Atg8 cleavage could be observed ( Fig. 4B and D) . Thus, in contrast to the endosomal-vacuolar activity, autophagy was not reduced but rather enhanced upon TDP-43 expression.
Autophagy plays a complex role in cell survival. While it contributes to the degradation of cytotoxic material, such as protein aggregates or damaged organelles, and thus mostly represents a pro-survival mechanism, excessive or aberrant autophagic activity can also promote cell death (22) . Deletion of the autophagy core component ATG1 did not increase TDP-43-triggered growth deficits (see Fig. 1B ), suggesting that autophagy does not play a substantial protective role for cells expressing TDP-43. In contrast, when measuring rates of cell death with the vital dye PI, we observed that the number of dead cells expressing TDP-43 was significantly reduced in the Datg1 strain as compared with the wild-type strain in stationary phase cultures (24 and 48 h, Fig. 4F ). These data demonstrate that autophagy does not play a substantial protective role when TDP-43 is expressed but instead suggest that TDP-43-triggered autophagy may even contribute to cytotoxicity.
In order to further address this assumption, we induced autophagy in TDP- 43- Fig. S6C ), which encodes a kinase whose depletion triggers autophagy in a TOR1-independent manner (23) . In all scenarios inducing autophagy, TDP-43-triggered growth deficits were increased. Thus, inducing autophagy does not protect cells from detrimental TDP-43, but increases its cytotoxicity, supporting the idea that TDP-43-triggered autophagy contributes to cell death.
TDP-43 clearance depends on vacuolar function and fusion
Vacuolar hydrolytic function as well as vacuolar fusion activity ameliorate TDP-43-triggered cytotoxicity. These protective effects might be due to the vacuolar proteolytic degradation of cytotoxic TDP-43. Therefore, we first analyzed the steady-state levels of TDP-43-GFP in cells with decreased and increased vacuolar function using immunoblotting ( Fig. 5A and B) . Cells lacking the vacuolar master protease Pep4 demonstrated moderately increased steady-state levels of TDP-43-GFP under both non-starved and starved conditions (inducing vacuolar proteolysis) (Fig. 5A ). In contrast, cells with increased levels of Pep4 (Pep4 wt ) were characterized by decreased steady-state levels of TDP-43-GFP as compared with cells with physiological Next, we analyzed the contribution of the vacuolar fusion machinery to the clearance of TDP-43 by measuring the steadystate levels of TDP-43 in cells lacking the vacuolar fusion protein Vam3. We observed that the cellular levels of TDP-43-GFP were significantly decreased in wild-type cells during nitrogen starvation ( Fig. 5C and D) . In contrast, in cells lacking Vam3 (Dvam3) the TDP-43-GFP levels were higher as compared with wild-type cells at all time points (Fig. 5C and D, Supplementary Material, Fig. S7A ), and remained stable during starvation ( Fig. 5C and D) . Notably, in Dvam3 cells, SDS-stable high molecular weight species of TDP-43-GFP could be observed, which were barely visible in the wild-type strain (Fig. 5C) . Consistently, the steady-state levels of untagged TDP-43 were increased in Dvam3 cells as compared with wild-type cells upon growth to early stationary phase (Supplementary Material, Fig. S7B and C ). These data demonstrate that the vacuolar fusion machinery (like the vacuolar proteolytic machinery) is involved in the clearance of TDP-43.
Increasing steady-state levels of TDP-43 may result in the accumulation of TDP-43 aggregates in cells. Therefore, we analyzed the number of TDP-43-GFP foci in cells lacking the vacuolar protease Pep4, or the vacuolar fusion protein Vam3, or both Pep4 and Vam3 using epifluorescence microscopy. We observed that the number of TDP-43-GFP foci was not increased in cells lacking Pep4, as compared with wild-type cells under all conditions, that is growth to early stationary phase (0 h) or upon nitrogen starvation (6 and 24 h) ( Fig. 5E and F) . In contrast, (Fig. 5E and F) . These data suggest that vacuolar fusion activity, but not the vacuolar proteolytic machinery, is required to prevent the accumulation of cytoplasmic TDP-43 aggregates. Interestingly, in Dvam3 cells the number of TDP-43-GFP foci significantly increased during nitrogen starvation ( Fig. 5E  and F) , whereas the steady-state levels of TDP-43-GFP remained stable ( Fig. 5C and D) . These data may suggest that in cells with interrupted vacuolar fusion (Dvam3), TDP-43 aggregates are formed in the cytosol from oligomeric precursors, which cannot be transported into the vacuole via vesicular transport mechanisms. In contrast, in cells with impaired vacuolar proteolytic machinery (Dpep4), these oligomers could still be delivered to the vacuolar lumen, where they accumulate due to lack of proteolytic activity.
In line with this idea, we could not observe a co-localization between TDP-43-GFP foci and the vacuolar fusion machinery (RFP-Vam3) (Supplementary Material, Fig. S7D ). Therefore, we In order to analyze the relative contributions of the MVB pathway and autophagy to TDP-43 clearance, we tested whether TDP-43 co-localized with MVB substrates, with components of the MVB pathway, or whether it was present in Atg8-labeled compartments (autophagosomes). We tested for co-localization of TDP-43 with the MVB substrate Sna3-GFP, with the MVB components Vps27 (ESCRT-0), Vps23/Stp22 (ESCRT-I), Vps2 (ESCRT-III) and Vps24 (ESCRT-III), and with GFP-Atg8 using epifluorescence microscopy. We observed that in wild-type cells, about 17% (6 5%) of TDP-43-DsRed foci co-localized with foci of the MVB substrate Sna3-GFP (Fig. 6A) . We observed that TDP-43-GFP foci did not co-localize with the ESCRT-0 component Vps27 Fig. S8C and D) . These data suggest that only a small subfraction of TDP-43 is associated with MVBs. In contrast, we observed that about 31% (6 7%) of TDP-43-DsRed foci co-localized with GFP-Atg8 (Fig. 6B) . Thus, a high proportion of TDP-43 aggregates was present in Atg8-labeled compartments (autophagosomes), and was therefore destined for degradation via autophagy.
Next, we analyzed the number of TDP-43-GFP foci in cells lacking the important MVB components Vps25 (ESCRT-II) and Vps24 (ESCRT-III), and the essential autophagy component Atg1 using epifluorescence microscopy. We observed that deletion of VPS25 and VPS24 resulted in an increased number of TDP-43-GFP foci as compared with wild-type cells upon nitrogen starvation (6 and 24 h) ( Fig. 6C and D) . In contrast, genetic inhibition of autophagy (Datg1) did not lead to any changes in the number of TDP-43-GFP foci in all tested conditions, unless vacuolar fusion was impaired as well (Datg1 Dvam3) (Fig. 6E and F) . These data suggest that although TDP-43 aggregates are primarily labeled for autophagic degradation, MVB pathway activity mainly determines TDP-43 clearance. Therefore, we subsequently focused on the mutual interaction between both vesicular pathways with respect to TDP-43 clearance and cytotoxicity.
Autophagy contributes to TDP-43 clearance upon dysfunctional endosomal-vacuolar pathway
In order to address whether both the MVB pathway and autophagy contribute to the degradation of TDP-43 aggregates, we expressed TDP-43-GFP in cells deleted for the essential autophagy-related gene ATG1, the important MVB component gene VPS24, and in cells deleted for both genes. Intriguingly, the number of TDP-43-GFP foci was significantly increased in the Datg1 Dvps24 strain under all conditions (i.e. 0, 6, 24 h of starvation) when compared with wild-type or Datg1 or Dvps24 strains ( Fig. 7A and B) . Thus, both vesicular pathways markedly contribute to the clearance of TDP-43 aggregates. Although the MVB pathway appears to play a more important role than autophagy, autophagy becomes important when the MVB pathway is blocked.
These findings were corroborated with TDP-43-GFP processing assays. Here, TDP-43-GFP was expressed in Datg1, Dvps24 and Datg1 Dvps24 strains, and the cell extracts were tested for TDP-43-GFP steady-state levels and cleaved GFP using immunoblotting. Cleavage of GFP was used as a marker for vacuolar proteolysis. Indeed, vacuolar proteolysis of TDP-43-GFP still occurred in the absence of either autophagy (Datg1) or MVB pathway activity (Dvps24), but not in the absence of both pathways (Datg1 Dvps24) (Fig. 7C) . Thus, TDP-43-GFP is degraded via a coordinated action of MVB pathway activity and autophagy.
Double-protective role of the endosomal-vacuolar pathway and complex role of autophagy
Next, we were interested in why the MVB pathway appears to be more relevant for the degradation of TDP-43 (see Fig. 6C -F and Fig. 7A and B) and for alleviating TDP-43-triggered cytotoxicity (see Fig. 1 ) as compared with autophagy. The loss of the activity of the vacuolar proteolytic machinery upon TDP-43 expression contributed to TDP-43-triggered cytotoxicity (see Fig. 2D and E). The vacuolar master protease Pep4 is synthesized in the secretory pathway (ER, Golgi) and is then transported into the vacuole, mostly via the MVB pathway (24) . Consequently, the loss of MVB pathway activity (Dvps24) resulted in significantly decreased vacuolar proteolytic activity (similar to TDP-43 expression in the wild-type strain) (Supplementary Material, Fig. S9A ). Thus, the loss of MVB pathway activity is very detrimental, because it not only prevents the degradation of MVB substrates (such as TDP-43), but it also impairs vacuolar functions in general. Consequently, MVB pathway dysfunction impaired autophagic flux (Supplementary Material, Fig. S9D and E), which also depends on vacuolar function. Although loss of autophagy also reduced MVB pathway activity (Supplementary Material, Fig. S9B and C) , it did not result in decreased vacuolar proteolytic activity ( Supplementary  Material, Fig. S9A ). This may explain why loss of autophagy is not detrimental for TDP-43-expressing cells in contrast to the loss of MVB pathway activity, although both pathways contribute to the degradation of TDP-43.
More precisely, autophagy appears to play a detrimental role in TDP-43 expressing cells (see Fig. 4F and Supplementary  Material, Fig. S6 ). Therefore, we were interested in how the deletion of both the MVB pathway and autophagy influenced the cytotoxicity of TDP-43. We measured TDP-43-triggered growth deficits in strains deleted for ATG1, VPS24, and both ATG1 and VPS24. We observed that TDP-43-triggered growth deficits in the Datg1 Dvps24 strain were intermediate to Datg1 and Dvps24 (Fig. 7D) , although the TDP-43 aggregate load was the highest in this strain as compared with wild-type or Datg1 and Dvps24 strains (Fig. 7A and B) . Thus, there is no strict correlation between the number of TDP-43 aggregates and cytotoxicity. These data support a complex role of autophagy in TDP-43-mediated cytotoxicity. It is involved in the degradation of TDP-43, thus possessing a cytoprotective role, but may also exert some cytotoxic effects upon TDP-43 expression (potentially due to inefficiencies as a result of MVB pathway deficiency).
Discussion
Lysosomes contribute to the clearance of cytoplasmic TDP-43 via the endolysosomal pathway and autophagy
We demonstrated that yeast vacuoles, organelles that are analogous to human lysosomes, contribute to the clearance of cytoplasmic TDP-43 (Fig. 8) . The steady-state levels of TDP-43 were increased in cells lacking the vacuolar master protease Pep4 (the yeast homolog of human Cathepsin D, CatD) and were decreased in cells with elevated Pep4/CatD activity. In addition, genetic inactivation of the vacuolar (or lysosomal) fusion machinery and of the MVB pathway (both part of the endosomalvacuolar or endolysosomal pathway) resulted in increased steady-state levels of TDP-43 and enhanced cytoplasmic TDP-43 aggregation. In contrast, both the steady-state levels of TDP-43 and its aggregation were unaltered in cells with genetically inactivated autophagy. Of note, yeast strains lacking both MVB pathway activity and autophagy had markedly increased cytoplasmic TDP-43 aggregation and steady-state levels as compared with yeast strains in which only the MVB pathway was blocked. Therefore, we hypothesized that cytoplasmic TDP-43 is a substrate of both the endosomal-vacuolar pathway and autophagy (Fig. 8) . This notion was confirmed by our observation that TDP-43 partially co-localized with MVB substrates and MVB components, but that a major fraction of aggregate-like TDP-43-GFP foci were found to be positive for the autophagy marker Atg8/LC3. Consistently, the vacuolar processing of TDP-43-GFP was completely blocked only in cells lacking both MVB pathway activity and autophagy.
Previous studies have demonstrated that TDP-43 is degraded via both the ubiquitin-proteasome system (UPS) (5, (25) (26) (27) and autophagy (4) (5) (6) 9) . Whereas soluble TDP-43 is predominantly a UPS substrate in human cell culture (5), cytoplasmic TDP-43 aggregates are substrates for autophagy in human cell culture, primary murine neurons, transgenic mouse models and human stem cell-derived neurons and astrocytes (4-6,9). One study proposed that a functional MVB pathway is required for the efficient autophagic clearance of TDP-43 in HeLa cells (9) . The authors observed that most autophagosomes do not fuse directly with lysosomes but first fuse with MVBs to form amphisomes, which subsequently fuse with lysosomes (9). However, their data did not exclude the possibility that the endolysosomal pathway itself contributes to TDP-43 degradation, independently of autophagy. Indeed, our data are in line with a recent study which proposes that endocytosis contributes to the clearance of cytoplasmic TDP-43 in yeast, mammalian cells and flies (28) . Consistently, other cytosolic proteins, including Parkinson's disease-associated a-synuclein, and specific synaptic proteins, have been shown to be substrates of the endolysosomal pathway. Here, the ESCRT machinery is involved in loading the MVBs with these proteins during invagination of the endosomal membranes (29) (30) (31) (32) . Our data support the notion that the endolysosomal pathway directly contributes to the clearance of TDP-43. In addition, our data show that autophagy becomes important for the degradation of TDP-43 in the absence of endolysosomal pathway activity. Thus, both vesicular pathways enable TDP-43 clearance in the vacuole (lysosome). Whether distinct TDP-43 species are degraded via these pathways remains an open question. It is tempting to speculate that large TDP-43 aggregates are bona fide substrates for autophagy, whereas smaller TDP-43 species are suitable substrates for the endolysosomal pathway. Future studies will need to address this question, and examine how these substrates are preferentially recruited to distinct proteolytic pathways.
Lysosomal function, the endolysosomal pathway and autophagy determine TDP-43 cytotoxicity Increasing vacuolar proteolytic activity by over-expressing the vacuolar master protease Pep4/CatD decreased incidences of TDP-43-triggered cell death. In addition, genetic and pharmacological inactivation of the endosomal-vacuolar pathway, that is the vacuolar fusion machinery and the MVB pathway, increased TDP-43-triggered cytotoxicity. These data suggest that vacuolar proteolytic activity and the endosomal-vacuolar pathway critically alleviate TDP-43-mediated cell lethality, most likely through enabling the degradation of cytotoxic TDP-43 species (Fig. 8) .
Notably, impairment of human endolysosomal pathway activity might be highly relevant for the pathogenesis of ALS. A total of 7 out of 25 genes related to Mendelian inheritance of ALS are involved in endosomal/vesicular biogenesis, maturation and trafficking. These genes include ALS2, ALS11 and ALS17, which encode Alsin, polyphosphoinositide phosphatase and charged multivesicular body protein 2b (CHMP2B), respectively (33) . Therefore, pharmacologically or genetically enhancing endolysosomal activity might be a suitable approach to promote the clearance of cytotoxic TDP-43, thereby protecting cells from TDP-43-mediated cell death. Indeed, pharmacological and genetic induction of vesicular trafficking has been shown to reduce TDP-43-triggered growth deficits in yeast cells expressing human TDP-43 (28, 34) , and similar effects have been described for Parkinson's disease-associated a-synuclein (29, 34) .
In contrast to the cytoprotective role of the endosomalvacuolar pathway, genetic interference with the core autophagic machinery did not markedly affect TDP-43 cytotoxicity when measuring TDP-43-triggered growth deficits. Interestingly, when measuring TDP-43-triggered cell death, autophagy appeared to play a detrimental role. In line with a detrimental effect of autophagy in TDP-43-expressing cells, further pharmacological and genetic induction of autophagy resulted in increased TDP-43-triggered cell lethality. In addition, the combined impairment of endosomal-vacuolar pathway and autophagy did not result in increased TDP-43-triggered growth deficits, although the cellular TDP-43 aggregate load was by far the highest under these conditions. These data support the idea of a complex role for autophagy. Although it is involved in the clearance of TDP-43 (at least when the endosomal-vacuolar pathway is impaired), it cannot protect yeast cells from TDP-43 cytotoxicity, but rather contributes to TDP-43-triggered cell death. Enhancing autophagy has been proposed as protective strategy to eliminate TDP-43 aggregates, assuming this would support neuronal survival (4, 6) . However, based on our data obtained in yeast, triggering autophagy results in unexpected lethal side effects, that is autophagy-promoted cell death. Studies in other TDP-43 model systems will need to assess, whether triggering autophagy with the aim of reducing cellular levels of TDP-43 is in fact protective or detrimental for cells (22) .
TDP-43 controls lysosomal function and lysosomal pathways, thereby determining its own clearance and cytotoxicity
We observed that TDP-43 markedly triggers vacuolar fragmentation and impairs vacuolar proteolytic activity. It interferes with the endosomal-vacuolar pathway but enhances autophagic flux (Fig. 8) . The vacuolar master protease Pep4/CatD is mostly transported into the vacuole via the endosomalvacuolar pathway (24) , and in consequence, TDP-43-triggered impairment of the endosomal-vacuolar pathway may cause significant loss of vacuolar proteolytic activity. This could contribute to the cytotoxicity of TDP-43, because vacuolar function contributes to proper cell function and survival. Most importantly, it would interfere with the vacuolar degradation of cytotoxic TDP-43 itself. In line with this idea, we observed that elevated levels of Pep4/CatD rescued vacuolar proteolytic activity and facilitated the degradation of TDP-43.
We observed that autophagy remains functional in the absence of the endosomal-vacuolar pathway. However, efficient autophagy requires this pathway in both yeast and mammalian cells (9, 35) . As such, TDP-43-mediated impairment of the endosomal-vacuolar pathway could have detrimental effects on autophagy, for example due to inefficient transport of proteases into the vacuole. This could lead to an imbalance within the complex autophagic machinery, and may explain why autophagy induction via TDP-43 expression or via pharmacological and genetic intervention promotes TDP-43 cytotoxicity. It is tempting to speculate that enhancing the endosomal-vacuolar pathway would prevent lethal autophagy. Further studies will need to address this issue.
The loss of endocytic activity and misregulated autophagy have been observed in different TDP-43 model systems, including those where cytoplasmic TDP-43 levels are increased or where TDP-43 is depleted (28, (36) (37) (38) (39) . We have now observed similar effects in our yeast model and propose that these effects are tightly interconnected and linked with lysosomal activity.
Yeast models contribute to a better understanding of different aspects of TDP-43 cytotoxicity TDP-43 cytotoxicity is dependent on various cell processes, such as mitochondrial respiratory activities (14, 40) , RNA-related processes (RNA lariat debranching, RNA-dependent binding of TDP-43 to its modifier Pbp1/Ataxin-2, impairment of nucleocytoplasmic transport of RNA and proteins) (17, 18, (41) (42) (43) and proteolytic pathways (autophagy and UPS) (4) (5) (6) 9) . In our study we show that the endolysosomal pathway and autophagy contribute to TDP-43 clearance, and that TDP-43 impairs the endolysosomal pathway, resulting in lysosomal dysfunction and lethal autophagy. Further studies using model systems, including yeast, will allow elucidation of how different aspects of TDP-43 cytotoxicity are intertwined and contribute to ALS pathogenesis. Ultimately, this may result in a better understanding of this devastating disease at the cellular level. 
Materials and Methods

Yeast strains and growth conditions
PI staining for measuring cell death
To determine loss of membrane integrity, a marker of necrotic cell death (44), 2 Â 10 6 cells were harvested in 96-well plates at indicated time points. After centrifugation, cells were resuspended in 250 ml phosphate-buffered saline (PBS, 25 mM potassium phosphate, 0.9% NaCl, adjusted to pH 7.2) containing 100 mg/l PI. Cells were incubated for 10 min in the dark, and washed once in 250 ml PBS. PI-stained cells were quantified via flow cytometry (BD LSR Fortessa) by analyzing 30 000 cells per well with BD FACSDivia software.
Generation of cell extracts, SDS-PAGE and immunoblot analyses
Yeast cultures were incubated in the indicated expression media for the indicated time points. Yeast cell extracts were generated chemically as described in Supplementary Materials and Methods. SDS-PAGE and immunoblot analyses were performed by standard procedures described in Supplementary Materials and Methods. Cell extracts (equivalent to 6 Â10 6 cells) were used for separation on SDS polyacrylamide gels. Proteins were transferred to polyvinylidene difluoride (PVDF) membranes (pore size 0.2 mm) and incubated with primary and secondary antibodies coupled to horseradish peroxidase (as described in Supplementary Materials and Methods). Immunodetection was done using luminol. Membranes were digitized in an ImageQuant LAS 4000 (GE Healthcare, Munich, Germany). Images were processed with Adobe Photoshop CS5 (Adobe Systems, Munich, Germany).
Immunoblot quantification was done with the gel analysis method in ImageJ 1.46r.
Fluorescence microscopy
Images were obtained using the Axiophot epifluoresence microscope (Carl Zeiss Microscopy, Gö ttingen, Germany) using the Plan Neofluar objective 100Â/1.30 Ph3 oil (Carl Zeiss) with 4 0 ,6-diamidin-2-phenylindol (DAPI), GFP, DsRed and DIC filter sets. The microscope was equipped with a Leica DCF360FX Camera and with the Leica LAF AF Version 2.2.1 Software (Leica Microsystems, Wetzlar, Germany). Final image processing, including adjustment of brightness, contrast and background reduction, and the overlay of different channels was done using Adobe Photoshop CS5 (Adobe Systems).
Measurement of vacuolar fragmentation
TDP-43 expression was induced from a doxycycline-repressible promoter on selective SMD agar plates for 3 days at 30 C.
Cultures were scraped off the agar plate and resuspended in ddH 2 O. Vacuoles in cells expressing TDP-43 or carrying vector controls were stained with 10 mM of the vacuole-specific dye CMAC (7-amino-4-chloro-methyl-coumarin, CellTrackerBlue, Molecular Probes, Invitrogen) for 45 min at 30 C. Cells were washed three times in PBS, and resuspended in growth medium. The number of vacuoles per cell was determined via fluorescence microscopy using the DAPI filter set. Cells with more than three vacuoles were considered to show vacuolar fragmentation.
To assess the effects of ALS-associated TDP-43 variants on vacuolar fragmentation, TDP-43 expression was induced overnight at 30 C from a galactose-inducible promoter in selective SMDGal medium (1.5% galactose, 0.5% glucose). Vacuolar staining and evaluation of vacuolar fragmentation was performed as described above.
Measurement of vacuolar activity
Vacuolar activity was determined by measuring Pep4 enzymatic activity. Pep4 activity measurements were performed with a fluorometric Cathepsin D activity assay kit from Abcam (ab65302) with an adapted protocol for yeast cells as described previously (45) . Briefly, 2 Â 10 6 cells were collected at the indicated time points and lysis was performed using glass beads in the supplied CD cell lysis buffer. Protein concentration was determined with a Bradford assay (Bio-Rad) and 0.1 mg protein was used for the Pep4 activity assay. In contrast to the supplied protocol, reactions were incubated for 2 h at 28 C and subsequently measured with a TECAN Genios Pro microplate reader (ex: 328 nm, em: 460 nm). Notably, cells lacking Pep4 were measured as background control in all experiments and these values were subtracted from the presented data.
Measurement of endosomal-vacuolar and autophagic activity
TDP-43 expression was induced overnight at 30 C in Sna3-GFPexpressing cells (MVB pathway substrate) or Ste3-GFP-expressing cells (endocytosis substrate) from a galactose-inducible promoter in selective SMGal medium. Vacuoles in cells expressing TDP-43 or carrying vector controls were stained with 10 mM CMAC as described above. Using fluorescence microscopy, cells were evaluated for staining with GFP, that is unstained cells, cells in which only the vacuoles were stained, and cells in which distinct vacuolar foci were observed. Using immunoblot analyses, the steadystate levels of the Sna3-GFP fusion protein and of cleaved GFP were determined using a GFP-specific antibody. The endocytic incorporation of the hydrophilic dye Lucifer Yellow (Sigma-Aldrich) was performed as described previously (46) . TDP-43 expression was induced overnight at 30 C from a doxycycline-repressible promoter in selective SMD medium. Cultures were diluted in expression medium for 3 h at 30 C, cells were incubated with 4 mg/ml Lucifer Yellow for 1 h at 30 C, washed three times with potassium phosphate buffer, and analyzed by fluorescence microscopy using the GFP filter set. Cells were evaluated for yellow fluorescence staining, that is unstained cells, cells in which only the vacuoles were stained, and cells in which distinct foci were observed. For measuring autophagic flux, TDP-43 expression was induced overnight at 30 C in GFP-Atg8 expressing cells from a doxycycline-repressible promoter in selective SMGalRD medium (2% galactose, 2% raffinose, 0.02% glucose) in wild-type cells and in cells deleted for the core autophagy component Atg1 or the ESCRT-III component Vps24. Starvation was performed for 1-6 h at 30 C by shifting to selective nitrogendepleted SM medium with glucose as carbon source (SD-N). Cell extracts from non-starved and starved cultures were prepared, and the steady-state levels of GFP-Atg8 and cleaved GFP were determined by immunoblotting using a GFP-specific antibody.
Measurement of TDP-43 aggregation
C-terminally GFP-tagged TDP-43 was expressed overnight at 30 C from a constitutive promoter in selective SMD growth medium. Starvation was performed for 6 and 24 h at 30 C by shifting to selective nitrogen-depleted SM medium with glucose as the carbon source (SD-N). The number of TDP-43-GFP foci per cell was determined at the indicated time points in wild-type and indicated deletion strains. The TDP-43-GFP foci were considered to be equivalent to TDP-43 aggregation.
Co-localization studies C-terminally GFP-or DsRed-tagged TDP-43 was expressed overnight at 30 C from constitutive and galactose-inducible promoters in selective SMD and SMGal growth media, respectively, in cells expressing the indicated endosome-vacuolar pathway component (tagged with mRFP or GFP). Vacuoles were stained with CMAC as described above. Cells were analyzed for co-localization via fluorescence microscopy using GFP and DsRed filter sets.
Supplementary Material
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